A series of phenolphthalein-based sulfonated poly(ether ether sulfone) (SPEES) membranes were synthesized by aromatic nucleophilic polymerization reaction. The degree of sulfonation was controlled by direct synthesis of sulfonated polymer, which leads to high thermal stability. The physicochemical properties of the SPEES membranes were studied in order to evaluate the suitability of these membranes in fuel cell applications. The ion-exchange capacity of the synthesized SPEES membranes was found in the range between 2.19 mequiv. g À1 and 2.35 mequiv. g À1 . The morphology of the membranes was investigated with high-resolution scanning electron microscopy and confirmed the presence of hydrophilic domains that impart good proton conductivity. The membrane electrode assembly of SPEES-30 and SPEES-50 membranes has been successfully fabricated, where SPEES-50 produced a maximum peak power density of 643 mW cm À2 while applying in hydrogen-oxygen fuel cell.
Introduction
Energy is essential for the existence and growth of modern human civilization and the current energy sources are being depleted at high rates due to the population growth. Petroleum resources, natural gas, and coal are being the prime source for energy. The search for alternative fuel got intensified from the mid of 20th century because of the depleting natural resources and environmental concerns. Fuel cells are the best choice and reliable power generation devices for vehicles, transportation, power automobiles, underwater vehicles, scooters, cars, buses, and so on. [1] [2] [3] [4] Unlike conventional power generation technique, fuel cell works without combustion and environmental side effects. Fuel cell produces direct current by using an electrochemical process and acts like continuously fueled batteries. 5 Among the various kinds of fuel cells, proton exchange membrane fuel cells (PEMFCs) are found to be excellent and most promising energy conversion devices for automotive, stationary, and portable devices. [6] [7] [8] [9] [10] Since PEMFCs are modular and have a simple design, they can be scaled up in size to suit the demands of variety of applications. They have the potential to revolutionize transportation, which consumes 60% of the worldwide production of petroleum. 2 The common operating temperature of PEMFC is 60-80 C, which is enough to generate electricity at homes and portable electronic devices. 11 Perfluorosulfonated ionomers are good proton exchange membranes because of their wide applications in fuel cells. However, (i) the high production cost, (ii) complicated synthesis procedure, (iii) toxic intermediates, and (iv) loss of water uptake at higher temperature that imparts drop in proton conductivity limit their commercial use in fuel cells. 12, 13 There is a need to develop alternative membranes of low cost and good retention of proton conduction at elevated temperature. Research has been focused towards the preparation of new low-cost copolymers, which can be employed as proton exchange membrane for fuel cell and other membrane applications.
14 Sulfonated high-performance polymers such as poly (aryl ether ketone)s and poly (aryl ether sulfone)s have been extensively investigated as proton exchange membranes in fuel cell applications. [15] [16] [17] [18] [19] Sulfonation of poly(ether ether sulfone) has been carried out via post-sulfonation process using fuming sulfuric acid, chlorosulfonic acid, and methane sulfonic acid. [20] [21] [22] The post-sulfonation process has several disadvantages, such as it is very difficult to control the degree of sulfonation because of the sensitive reaction condition. The sulfonation takes place at the activated sites of benzene rings, which causes the risk of desulfonation under fuel cell conditions. 23, 24 Degradation and cross-linking are also the major factors for the process of post-sulfonation.
An alternative approach for the synthesis of sulfonated polymers is the direct copolymerization method via previously sulfonated monomers. This method is useful for the synthesis of desired polymer membrane material for fuel cell applications. McGrath et al. reported fully aromatic, film forming, highly sulfonated arylene ether sulfone copolymers via direct polymerization method. [25] [26] [27] [28] [29] [30] Copolymers containing phenolphthalein groups showed excellent mechanical properties and high thermal and chemical stability. 31, 32 This article describes the synthesis of a series of sulfonated poly(ether ether sulfone) (SPEES) membranes by aromatic nucleophilic polycondensation reaction employing 4,4 0 -dibromodiphenylether, 3,3 0 -disulfonated 4,4 0 -dichlorodiphenyl sulfone (SDCDPS), and phenolphthalein. The prepared membranes were characterized by ionexchange capacity (IEC), percentage water uptake, swelling behavior, viscosity, morphology, thermal stability, mechanical stability, and proton conductivity. In addition, the membrane electrode assemblies have been fabricated for SPEES-30 and SPEES-50 membranes and are evaluated for the suitability of these membranes in PEMFC applications.
Experimental

Materials
Phenolphthalein, 4,4 0 -dibromodiphenylether, 4,4 0 -dichlorodiphenyl sulfone (DCDPS), and N,N-dimethylformamide (DMF) were purchased from Aldrich, St. Louis, MO, USA. Dimethyl sulfoxide (DMSO), N-methyl-2-pyrrolidone (NMP), ethanol, potassium carbonate, methanol, isopropyl alcohol, and toluene were purchased from Sisco Research Laboratory Private Ltd., Mumbai, India. Fuming sulfuric acid (20% SO 3 ) was purchased from S.D. Fine Chem., Mumbai, India. The SDCDPS was synthesized from DCDPS. DCDPS and SDCDPS were dried at 120 C under vacuum for 15 h prior to use. All other chemicals were used as received.
Monomer synthesis
The synthesis of sodium salt of SDCDPS was carried out according to a reported procedure. 21 The aromatic disulfonation reaction was performed in a round bottom flask equipped with a magnetic stirrer, nitrogen inlet and outlet. In the typical synthesis, initially the reaction setup was purged with nitrogen flow for 30 min. DCDPS 50 mmol (14.4 g) was taken in a three-necked round bottom flask. A volume of 50 mL of fuming sulfuric acid (20% SO 3 ) was added drop wise to the reaction vessel. In order to reduce the SO 3 loses, the purging was stopped during the addition of fuming sulfuric acid. The temperature was slowly raised to 120
C and maintained for 6 h with constant stirring. The reaction mixture was cooled to room temperature and then slowly poured into ice water mixture. Forty grams of sodium chloride was added to the reaction mass and stirred at about 65 C. The product was re-dissolved in 150 g of deionized water. Then, the solution was neutralized using 2.0 N NaOH. The product was salted out by adding 40 g of sodium chloride and heated up to 65 C. Finally, the reaction mass was slowly cooled to room temperature without stirring and then kept in an ice bath. The obtained crude material was recrystallized using a mixture of isopropyl alcohol and water in the ratio of 9:1. The resultant pure white SDCDPS was dried at 150 C for 12 h under vacuum (yield: 78%).
Synthesis of SPEES
The polymerization reactions were carried out using three different monomers, namely, 4,4 0 -dibromodiphenylether, phenolphthalein, and SDCDPS. Among the three monomers, the mole ratio of sulfonated monomer was changed according to the range of 30-60%. Polymerization procedure for the synthesis of SPEES-50 is as follows: 4,4 0 -dibromodiphenylether (12 mmol, 3.94 g), SDCDPS (12 mmol, 5.89 g), and phenolphthalein (24 mmol, 7.63 g) were taken in a 250 mL round bottom flask equipped with a magnetic stirrer, DeanStark setup, and nitrogen inlet. All the monomers were dissolved using 25 mL of NMP with constant stirring. A volume of 12 mL toluene and 50 mmol of anhydrous potassium carbonate (6.90 g) were added and refluxed for 3 h at 140 C. Thereafter, the temperature was slowly raised up to 180 C by the controlled removal of toluene from the reaction mixture and maintained at 180 C for 15 h. The resultant viscous solution was cooled to room temperature and diluted with NMP for easy filtration. The polymer solution was filtered using 100 mm pore size filter paper to eliminate most of the potassium salts from the reaction mixture. The filtered solution was slowly transferred to a beaker containing excess methanol. The precipitated polymer was washed with ethanol several times and dried at 80 C under vacuum for 2 h. The polymer was subjected to Soxhlet extraction using deionized water to expel the inorganic material and then dried at 100 C under vacuum for 12 h. The dried sulfonated polymer was dissolved in 20 mL of DMSO and precipitated in a mixture of methanol and HCl in the ratio of 1:1. The polymer was then collected by filtration and the residual HCl was removed by treatment with deionized water. Finally, the resultant polymer was dried at 100 C for 15 h under vacuum. Similarly, SPEES-30, SPEES-40, and SPEES-60 were synthesized by varying the mole ratio of sulfonated monomers. Figure 1 depicts the plausible mechanism for the synthesis of acid form of SPEES.
Membrane characterization
Spectral analysis
The polymer membranes were dried at 105 C under vacuum for 8 h to remove any moisture/solvents prior to subjecting the membrane for Fourier transform infrared (FT-IR) analyses. The spectrum was collected using Nicolet Impact 400 FT-IR spectrophotometer (Madison, WI, USA) in the range of 4000-400 cm À1 at a resolution of 4 cm À1 and 21 scans. The SPEES polymer was dissolved in DMSO-d 6 solvent, and the proton NMR analysis was performed in ASCEND-500-Bruker instrument (Billerica, MA, USA).
Gel permeation chromatography (GPC)
GPC analysis was performed by VISKOTEK TDA 305-040 (Malvern Instruments, Malvern, WR, UK) Triple Detector array refractive index, low-angle light scattering, and right-angle light scattering GPC/SEC module. Separations were achieved by three columns (T6000 M, General Mixed Org 300 Â 7.8 mm) and one guard column (Tguard, Org Guard Col 10 Â 4.6 mm), 0.025 M LiBr in DMF as the eluent at 60 C. GPC samples were prepared at a concentration of 5.0 mg/mL. A constant flow rate of 1.0 mL/min was maintained during the analysis. System was calibrated by PMMA standards. 140°C for 3h 
Ion-exchange capacity
The IEC of the membranes was measured by the titration method. The acidified membrane samples were immersed overnight in 0.10 M NaCl solution in order to exchange all the protons with sodium ions. The H þ ions in the solution were titrated against 0.01 N NaOH using phenolphthalein as indicator. The IEC was calculated by using the following equation:
where V is the volume of NaOH consumed in milliliters and N NaOH is the normality of NaOH solution.
Water uptake and swelling behavior
For water uptake and swelling ratio studies, the acidified membranes were dried at 120 C until constant weight and length were obtained, which are recorded as W d and L d , respectively. The dried membranes were then immersed in deionized water. Surface attached water was quickly swabbed with tissue paper before measurement. The length and weight were measured several times until constant measurements were achieved, which are denoted as L w and W w , respectively. The percentage water uptake of the membrane and the swelling ratio were calculated by using equations (2) and (3), respectively:
Surface morphology
Morphologies of membranes were investigated using a scanning electron microscope (SEM, FEI Quanta FEG 200, Hillsboro, OR, USA). Prior to the SEM analysis, the samples of SPEES polymers were cut into sufficient sizes and sputter coated with gold to make them electroconductive and analyzed under vacuum at an accelerating voltage of 10.0 kV.
Thermogravimetric analysis
The thermogravimetric analysis was carried out to determine the thermal stability of the membranes using a thermogravimetric analyzer (Q 50, TA Instruments, New Castle, DE, USA). Temperature was programmed to attain 800 C at a heating rate of 20 C/min under a nitrogen atmosphere.
Mechanical stability
The tensile strength and Young's modulus of the completely hydrated SPEES membranes were carried out using universal testing machine, Instron, Norwood, MA, USA.
Samples having a length of 50 mm and a width of 20 mm were tested using a 250 N load cell that was pulled at 50 mm/min within a 21 cm gauge length. Triplicate analyses were carried out and average values were taken for the determination of tensile strength and Young's modulus.
Conductivity measurements
The proton conductivity measurements of the membranes were performed in a two-probe cell using AC impedance technique. The conductivity cell comprised of two stainless steel electrodes, each of 20 mm diameter. The sample was sandwiched in between the two stainless steel electrodes fixed in a Teflon block and kept in a closed glass container. AC impedance spectra of the membranes were recorded in the frequency range of 1-10 Hz with perturbation voltage amplitude of 10 mV using an Autolab PGSTAT 30 (Metrohm, 3526 KM, Utrecht, Netherlands). Resistance value associated with the membrane conductivity was determined from the high-frequency intercept of the impedance with the real axis. The measurements were conducted in the temperature range of 30-90 C. The conductivity of the membranes was calculated by using the following equation:
where is the proton conductivity of the membrane, l is the membrane thickness in centimeters, R is the membrane resistance in Ohms, and A is the cross-sectional area of the membrane.
Single cell performances
The cell potentials with varying current densities were conducted galvanostatically using a Fuel Cell Test Station (Model-LCN4-25-24/LCN 50-24) procured from Bitrode Instruments (St. Louis, MO, USA). The detailed procedure for the measurements was reported in our earlier article. 16 
Results and discussion
A series of SPEES polymer electrolyte membranes were synthesized, characterized, and evaluated for the suitability in fuel cells. The polymer code, mole ratio of the reactants, IEC, intrinsic viscosity, % water uptake, and swelling ratio are given in Table 1 .
Spectral analysis
The FT-IR spectrum of SPEES-50 is represented in Figure  2 . The peaks at 1585 and 1488 cm À1 are attributed to the vibrations of aromatic ring skeleton. The strong characteristic symmetric stretching vibration of the sulfone group (O¼S¼O) appeared as an intense band at 1153 cm À1 . This result confirmed that the sulfonate groups were well incorporated into the polymer. The presence of aromatic ether linkage is confirmed by the peak obtained at 1245 cm À1 . The proton NMR spectrum of SPEES-50 is shown in Figure 3 . The SO 3 H proton signal is strongly broadened in the spectrum because of its good proton exchange capability. The appearance of signal at 7.05 ppm indicates the formation of aryl ether linkage. The presence of diphenyl sulfone group shows the signals between 7.05 and 7.15 ppm for the protons in meta position, whereas in the ortho position, signals were found between 7.69 and 7.94 ppm. Figure 4 shows the GPC experiments which indicated that the weight average molecular weight (Mw) and polydispersity index (PDI) of SPEES-30 to be 6260 Da and 1.32, respectively, whereas the Mw and PDI of SPEES-50 were found to be 10,620 Da and 1.40, respectively.
Ion-exchange capacity
IEC and water uptake ability of the electrolyte membranes are most important as they directly influence the proton conduction. 33 The change of IEC with increasing sulfonated monomer content is shown in Table 1 . The influence of IEC on the water uptake ability of the SPEES membranes in the acid form is shown in Figure 5 . The polymer synthesized from the monomer having higher sulfonic acid content (SPEES-60) exhibited higher IEC than for other polymeric membranes. The IEC of SPEES membrane was well controlled by varying the ratio of sulfonated monomer to the nonsulfonated monomers. The increasing IEC values of the electrolyte membranes lead to increase in the proton conductivity of the SPEES membranes.
Water uptake and swelling ratio
Water uptake capacity is an essential parameter to achieve good proton conductivity of polymer electrolyte membranes, because water in a membrane acts as a transportation medium of protons. 34 Water uptake capacity and swelling ratio of all SPEES membranes in acidic form were measured at two different temperatures such as 30 and 80 C. The higher water uptake capacities of the polymer lead to produce more solvated species, which is essential for the enhancement of proton conductivity. Even though the water uptake capacity of the membrane is desired to maintain good proton conductivity, it should be minimized to give the membranes with high mechanical stability. 35 From Table 1 , the water uptake capacity of the SPEES membranes follows the same trend as IEC. This is due to the strong hydrophilicity of the sulfonate groups. Hence, the water uptake abilities of the SPEES membranes increased with an increase in the concentration of the sulfonated monomer. As a result, the water uptake directly depends on the amount of sulfonic acid groups present in the polymer electrolyte membranes. Swelling behavior is considered to be an integral factor in the development of new electrolyte membranes. 36 SPEES-60 membrane is brittle in nature because of its higher swelling behavior.
Surface morphology
The high-resolution scanning electron microscopic images of SPEES-30 and SPEES-50 copolymers are shown in Figure 6 . The images clearly showed that the ionic cluster aggregate as isolated domain. The dark and bright regions correspond to hydrophilic and hydrophobic domains, respectively. One can observe from the SEM images that the ionic clusters are surrounded by hydrophobic domains. The connected hydrophilic domain is essentially responsible for the transport of proton and water. This phaseseparated morphology leads to good proton conduction of the polymer electrolyte membranes.
Thermal and mechanical stability
The thermal stability of SPEES polymers was measured with thermogravimetric analyzer, and the thermograms are shown in Figure 7 . Polymer contains sulfonic acid groups in its backbone that are hydrophilic in nature and will absorb moisture from the surroundings. 37 Figure 7 clearly showed three-step degradation pattern for SPEES polymers. The first step of degradation between 30 C and 150 C is due to the loss of moisture. The second step degradation up to 280 C is attributed to the splitting of sulfonic acid groups present in the polymeric membrane. The final step of degradation is due to the main chain decomposition. 14, 38 From the thermograms, it can be concluded that the reported SPEES membranes have good thermal stability. The mechanical properties of the dried membranes are given in Table 2 . The tensile strength of the SPEES membranes was found in the range between 33 MPa and 46 MPa. The values of tensile strength and Young's modulus were decreased in the order of SPEES-30 > SPEES-40 > SPEES-50 > SPEES-60. The decreasing mechanical strength is due to the higher water uptake and swelling behavior of the respective SPEES membranes.
Proton conductivity
The hydration of the sulfonated polymer membranes leads to phase separation between the hydrophilic and hydrophobic domains that are responsible for good proton conductivity and morphological stability. 39 Proton conductivity of an electrolyte membrane plays a vital role to enhance the fuel cell performance. 40 It is measured from the resistivity of the electrolyte membranes against the flow of either alternating current or direct current. The proton conductivities of the SPEES membranes were measured at various temperatures (30, 50, 70 , and 90 C) and the results are depicted in Figure 8 .
The higher water retention capacity with respect to the hydrophilic part of the electrolyte membranes leads to increase in the proton conductivity. The required proton conductivity of electrolyte membrane in fuel cell is generally above 10 À2 S cm À1 , which is sufficient for PEMFC applications. Herein, the synthesized SPEES membranes exhibited proton conductivity in the range between 0.09 S cm À1 and 0.109 S cm À1 at 90 C. Determination of activation energy is used to investigate the proton conduction mechanism. 41 The activation energy for proton conduction was similar and close to 6.0 kJ mol
À1
. From the results, it is confirmed that a common charge transfer mechanism takes place in SPEES membranes.
Electrochemical performance
Electrolyte membrane is a heart of the PEMFC. To achieve high performance of the fuel cell, the membranes should possess good chemical and electrochemical stability under suitable operation conditions. 42 Figure 9 displays the electrochemical single cell performances of SPEES-30 and SPEES-50 membranes at 60 C under 100% RH. The best performance under these operating conditions was obtained for SPEES-50, which produced a maximum peak power density of 643 mW cm À2 as compared to SPEES-30 membrane which showed 512 mW cm À2 . The high proton conductivity of SPEES-50 membrane is attributed to exhibit the better electrochemical performance while applying the material in hydrogen-oxygen fuel cell.
Conclusions
In this study, a series of phenolphthalein-based SPEES membranes have been synthesized via aromatic nucleophilic polycondensation reaction. The synthesized polymers had an intrinsic viscosity of 1.32-1.57 dL g À1 . These newly developed SPEES membranes exhibited good thermal and mechanical stability. The SPEES-60 membrane showed an IEC value of 2.35 mequiv. g À1 and water uptake capacity of 55.5% at 80 C. The retention of trapped water even at high temperature by the rigid aromatic groups leads to exhibit good proton conductivity. The highest proton conductivity of 0.109 S cm À1 was obtained at 90 C for SPEES-60 membrane. The membrane, SPEES-50, produced a maximum peak power density (643 mW cm À2 ) while applying in hydrogen-oxygen fuel cell. The high proton conductivity combined with good electrochemical performance can make the SPEES membranes viable candidates for PEMFC applications. To conclude, the phenolphthalein-based SPEES membranes are easy to synthesize and much less expensive than the other commercial membranes.
